Glaciers and snowpacks influence streamflow by altering the volume and timing of discharge.
INTRODUCTION
In mountainous and glacial catchments, the magnitude and seasonality of river discharge are greatly influenced by snowpack development and behaviour (Ye et al. ) .
Hydrological modelling in such mountainous regions is, however, significantly constrained with model biases and input data uncertainties regarding snow and ice reserves (Fontaine et al. ) ; thus affecting the reliability of snow/glacier melt-runoff predictions and water resources and flood risk management. For example, snow depth is an important parameter for hydrological simulation (Bell et al. ) , especially for peak floods caused by snowmelt (Bergeron et al. ) . Accurate observation and measurement of snowpack and glaciers at the catchment or river basin scale, including data on water-equivalent storage, temporal depth-area relationships, albedo, etc., is challenging in such poorly instrumented, remote and often inaccessible environments. Given the importance of these properties for physically based, spatially distributed hydrological modelling, modellers may rely on the increasing array of remote sensing data sets that are becoming available, such as the NOAA Geostationary Orbiting Environmental Satellite (GOES) or MODerate resolution Imaging Spectroradiometer (MODIS) on the NASA Terra satellites (Schmugge et al. ) , along with snow water equivalent (SWE) retrieval methods and algorithms (Dai However, practitioners and HySIM (Manley and Water Resource Associates Ltd ) . Glacier mass balance is a major climate indicator in glacio-hydrological modelling using index-based approaches in conceptual models (e.g., TOPKAPI-ETH, SRM-model, etc.) . Previous work in the Alps in Europe has evaluated the influence of snow and ice reserves on simulated hydrological behaviour, demonstrating the importance of prior knowledge on ice-thickness distribution, total ice volume amount and spatial distribution of winter snow and glacier area change in constraining snow and ice melt for runoff projections (e.g., Bavay et al. ; Huss et al. ), compared to assuming unlimited snow/glacier melt. In this study we have selected the HySIM model due to its: (i) capability to simulate surface water resources in both data-limited and snow-dominated environments; (ii) ability to simulate daily surface runoff, percolation to groundwater and river flow;
(iii) in-built multiple parameter optimization with four objective functions; (iv) inclusion of advanced hydraulic and hydrologic parameters in the model; and (v) graphics facility for rapid visualization of inputs and outputs.
It is common within climate change studies on glacierdominated catchments for glacier extent to be assumed to be in steady state (Hagg et al. ) . However, Hagg et al.
() consider that treating glaciers as static ice bodies is a major limitation in climate change impact studies.
Unsteady state and seasonal snow model setups may lead to enhanced hydrological seasonality due to larger direct runoff in wet seasons and lower glacier or snowmelt in dry seasons (Juen et al. ) .
The purpose of this study is to explore the implications Hydrological modellers often ignore inadequacies in the input data or data assumptions which can affect baseline/ future model performance, instead focusing more on the quantification of model parameters. Therefore, in this study, the consequences of such baseline set-up assumptions for simulated future hydrological response to changed temperature and precipitation under two future snowpack scenarios were assessed. The paper provides valuable guidance for conceptual hydrological modelling in snowdominated regions, considering the effects of data inadequacies in snowpack characterization and its implications in climate change-related hydrological impact studies. However, it must be noted that the purpose of this paper is not to predict the time scale of glacial retreat or loss, recognizing the difficulty and uncertainty in estimating rates of loss of glacial area or volume in the Himalayas and Tibetan Plateau (Yao et al. ) .
MATERIALS AND METHODS

Beas basin
This study focuses on the perennial River Beas in the north- 
Meteorological data
This study has used Tropical Rainfall Measuring Mission (TRMM) 3B42V7 daily gridded precipitation data for 1998 to 2008 to represent the precipitation variability of the catchment. The TRMM data, which are widely used in environmental and hydrological research, have a spatial 
Methodology adopted
The methodology adopted in this study is shown in We selected these two scenarios to represent two realistic but distinct behavioural systems for the Himalayas -a nearer-term scenario (which we have termed 'Medium'), This is consistent with the estimated current relative rates of loss in the glaciers of Himachal Pradesh (Kulkarni et al.
; Yao et al. ).
How do model parameter values and baseline performance change with assumptions on historical snowpack behaviour?
The time series of observed and modelled flow for both constrained and unconstrained models are given in Figure 4 , which demonstrates that both models can describe the observed Beas river basin hydrology with the contrasting snowpack assumptions. The calibration and validation results of the simulated daily discharge in Table 1 show that both models give almost identical NSE values for Figure 6 | The probability of exceedence curves for the HySim models with contrasting assumptions regarding baseline snowpack behaviour along with observed flow data for total simulation period. and long-term (loss of permanent snowpack) conditions.
Medium-term impacts
Both models simulate increasing average annual discharge with increasing temperature and precipitation, with the temperature increase of þ5 C (through its influence on snowmelt)
being more able to offset the simulated annual precipitation decrease of À10% (Table 3 
Medium ΔT ¼ þ5 C 2,116.1 4,790.6 ΔT ¼ þ5 C 3,699.5 6,015.8 
applied to medium-term conditions (i.e., 1 M and 2 M settings) in which future snowmelt is only energy-limited due to a continuing permanent snowpack. In general, Q10
increases in both models with increasing temperature as there is increased snowmelt of the permanent snow/ice reserves over a longer period, although there is a tipping point in Model 1 (constrained snowmelt) at around a temperature increase of 1 C, above which, increases in snowmelt outweigh the effect of increased actual evapotranspiration.
Q10 also tends to increase with increasing precipitation with a similar sensitivity in both models, although the effect decreases with increasing temperature from a range of around 40% of the baseline Q10 for ΔT ¼ þ0 C to 30%
for ΔT ¼ þ5 With small temperature increases (<1 C) and a decrease in precipitation, Q90 decreases by up to À12% arising from decreased recharge due to increased actual ET not being offset by increased snow/glacier melt or precipitation.
In contrast, warming leads to general decreases in Q90
in Model 1 (constrained snowmelt, 1 M setting) across most of the scenario space by up to À73% of the baseline Q90, despite the increase in average annual discharge (Table 3 ). This arises due to the effect of the calibrated parameterization on the interplay between a number of hydrological processes within the sub-catchments (Table 2) . Model 1 has a greater calibrated rooting depth of 2.2 m (compared to 1.2 m in Model 2), so that more water can be extracted from the soil moisture reserves to meet evapotranspirative demand leading to reduced recharge and therefore baseflow.
Long-term impacts
Across the entire range of temperature and precipitation changes, the long-term future average annual flows are lower than in the medium term for both models (data not The long-term uncertainty introduced by the two baseline snowpack behaviour assumptions across the scenarioneutral climate space ranges between À14 to þ13% for Q10 and 5 to À31% for Q90. This is about 10% less than the medium-term uncertainty in Q10 (of 36% of the baseline Q10) and reflects the limitation imposed on the hydrological response of the two models by the loss of the permanent snow/glacier reserve and the influence of the limited seasonal snow accumulation.
Implications
The modelling results presented have demonstrated that the long-term transition to a Himalayan river whose hydrological response is dominated by rain and the shorter-duration melt of seasonal snow will lead to significant temporal changes in the water balance and flow dynamics. Here, although both of the models show this gross difference between the two future periods, there are important differences in simulated future hydrological response that arise as a consequence of their different baseline parameterization (Table 2 ). observed in these figures with compensation effect on AET on both constrained and unconstrained models.
Given the focus of our study on the model response to the differing baseline snowpack assumptions alone, it must (ΔQ10 of À15% to þ13%) for Q10 and 37% (ΔQ90 of À31 to þ6%) for Q90.
5. Although the uncertainty arising from the baseline parameterization reduces with the transition from a meltdominated river to a rain-dominated river, associated with the loss of area and volume of permanent snow/ icepack resources, the significant temporal changes in flow dynamics and magnitudes (Nepal ) will have significant impacts on simulated future dry season water resources for irrigation, hydropower and livelihoods.
6. In this particular case study, although the NSE values are similar for both assumptions, we acknowledge the differences in the PBIAS values (especially in the validation phase). Nevertheless, our study suggests that, where there is considerable uncertainty in historical snowpack reserves and dynamics, an ensemble of hydrological model-builds calibrated to the different assumptions should be used to inform the understanding of the resultant effect of parameter biases on climate change impact studies.
